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Abstract: Retinoic acid receptors are ligand-regulated transcription factors belonging to 
the nuclear receptor superfamily, which comprises 49 members in the human genome, all* 
franj retinoic acid and 9-cis retinoic acid receptors (RARs and RXRs) are each encoded 
by three distinct genes and several isoforms arise from alternative splicing and the use of 
different promoters. While RXRs are promiscuous dimerization partners of several other 
nuclear receptors, RARs are- active, in-vivo, when associated to RXRs. Retinoids are 
therefore regulators of multiple physiological processes, from embryogenesis to metabolism. Different 
combinations of RXR:RAR heterodimers occur as a function of their tissue-specific expression and their activity 
•is mostly conditionned by the activation status of^RAR. These heterodimers are defined as non permissive 
heterodimers, in opposition to permissive dimers whose transcriptional activity may be modulated through 
RXR and its dimerization partner. The transcriptional activity of these dimers also relies on their ability to 
recruit nuclear coactivators and compressors, which function" as multi proteic complexes harboring several 
enzymatic activities (acetyl ases, kinases). The structure of the ligand bound to the RAR moiety of the dimer, as 
well as the nature of the DNA sequence to which dimers are bound, dictate the relative affinity of dimers for 
coactivators and thus its overall transcriptional activity. RARs are also able to repress the activity of unrelated 
transcription factors such as API and NF-k-B, and therefore have potent and proliferative and and inflammatory 
properties. This review summarizes our current view of molecular mechanisms governing these various activities 
and emphasizes the need for a detailled understanding of how retinoids may dictate transactivating and 
transrepressive. properties of RARs and RXRs, which may be considered as highly valuable therapeutic targets 
in many diseases such as cancer, skin hyperproliferadon and metabolical disorders .(diabetes, atherosclerosis 
etc). . 



INTRODUCTION 

The concept of nuclear receptors emerged from seminal 
observations made by E.V. Jensen and collaborators in the 
early 60's, demonstrating the specific binding of radioactive 
estradiol by target organs for this hormone, and therefore 
hinted at a molecular relay mediating the biological effects of 
this steroid . In the mid-60's, the conceptual frameworkfor 
modern endocrinology was set,' introducing 1 ' notions of 
transcriptional regulation [2, 3] and chromatin remodeling 
upon steroid treatment of target cells. Further investigations 
by G.M. Tomkins and collaborators, using the' tyrosine 
amino transferase gene as a model system, led to' the 
proposal of a direct transcriptional regulation of genes by 
steroids . The, concept of receptor activation, as defined by 
the acquisition of a DNA binding activity by the receptor, 
was proposed a few years later [6,7]. 

Further efforts aimed at the purification of steroid 
receptors, allowing to suspect the oligomeric nature of 
steroid . receptors [8] and to show the existence of structural 
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domains within the glucocorticoid receptor [9]. Beside the 
intense body of work devoted to the characterization of the 
hetero oligomeric nature of steroid receptors (reviewed in 
[10]), these proteins have been defined as ligand-regulated 
transcription factors on the basis of their specific binding to 
short DNA sequences or hormone responsive elements 
(HRE) in the promoter of hormonally responsive genes [11- 
16]. Chromatin structure alteration of a steroid- regulated 
promoter was shown to be concomitant to hormone 
treatment of target cells [17]. A major breakthrough was the 
cloning of several steroid receptors (reviewed in [18]),. which 
paved the road for a detailed molecular study of the ever 
growing superfamily of nuclear receptors. After more than 
two decades of intense research in this field, nuclearreceptors 
appear as major players in embryonic development, cell 
differentiation and proliferation processes and as regulators of 
cellular homeostasis. Not surprisingly, these functions also 
identified them as very promising therapeutic targets in a 
number of pathological states such as cancer, inflammation, 
and metabolic disorders. 

Among the members of this superfamily, all trans 
retinoic acid.(atRA) receptors (RARs)and 9-cis retinoic acid 
receptors (RXRs) became the focus of intense scrutiny since 
they are the molecular relays not only of pleiotropic effects of 
retinoic acids (atRA, 9-cis RA, 4oxo RA and 3,4 
: dihydroRA) on ceil growth, differentiation and apoptosis, 
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but also of potent ami proliferative and anti inflammatory 
effects of natural and synthetic retinoids. Although their 
many potential therapeutic applications are limited due to a 
high number of side effects, retinoids proved to be useful in 
dermatological diseases (acne, psoriasis, • photoaging) 
precancerous lesions, and cancers [19]. RARs are encoded by 
three different genes (isotypes ct/'P and y) and occurs as 
multiple isoforms in mouse (a 1 , a 2, P 1 to P 4, and y 1 
and y 2), much like RXRs (isotypes a, P and y and 
isoforms a 1 to 3, p 1 and 2, y 1 and 2). Importantly, RXRs 
are heterodimeric partners not only for RARs, but also for 
other nuclear receptors, including thyroid hormone receptors 
' (TRs), vitamin D receptor (VDR), peroxisome proliferator 
activated receptors (PPARs) and a number of orphan nuclear 
receptors, making of retinoids signaling molecules at the 
crossroad of multiple signaling pathways. Therefore the 
design of functionally selective retinoidsis a challenge to the 
molecular pharmacologists, and I will in this review describe 
the molecular mechanisms of retinoid action which may 
serve as a basis for designing pharmacological agents 
allowing the selective modulation of retino id-sensitive 
genes. 

STRUCTURE OF NUCLEAR RECEPTORS 

Sequence analysis of nuclear receptor cDNAs allowed the 
identification of highly conserved domains. With the help of 
biochemical and functional data, functions were ascribed to 
these homologous regions which are depicted in Fig. (1). 
Nuclear receptors are therefore, as all other transcription 
factors, formed of several functionally autonomous domains, 
which however interact with each other to modulate receptor 
functions. The amino terminal domain is highly variable,, 
even absent in some~ receptors such as VDR, and contains 
the activation function 1 (AF1). Transcriptional activation 
by AF1 is ligand-independent and cell-specific, and the 
activity of AF1 is mostly affected through direct 
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phosphorylation of key amino acids. The DNA binding 
domain (DBD) or domain C, is highly conserved between 
members of this superfamily and contains two C4-type zinc 
fingers. The N-terminal zinc finger is directly involved in the 
recognition of specific DNA response elements, while the C- 
terminal finger serves as a binding interface for dimerization 
partners and stabilizes the globular structure of the DBD. 
The domain D, or hinge region, contains amino acids that in 
some cases stabilize receptor-DNA interactions and a lysine- 
rich nuclear localization signal. The large C-terminal region 
(domain E or LBD), which accounts for almost half of the 
protein, "is a multi functional domain involved in 
dimerization, ligand binding and nuclear coactivator 
(NCoAs) and corepressor (NCoRs) recruitment. It contains 
the activation function2 (AF2) which is ligand-dependent 
and directly involved in NCoAs and NCoRs binding to the 
receptor. In some cases, a small C terminal domain (domain 
F) occurs, the function of which being poorly characterized. 
However, we demonstrated that the F domain of RARct 
modulates the transcriptional activity of this receptor [20]. 
Such a modulatory role of the F domain has also been 
documented for the estrogen receptor [21]. 

RETINOIC ACID RECEPTORS 

The structural and functional organization of RARs and 
RXRs is thus analogous, to that of other steroid and nuclear 
receptors. RARs and RXRs are constitutively nuclear and 
while most of experimental data obtained in-vitro show that 
these receptors bind DNA as heterodimers in the absence of 
ligand, some . arguments based on in-vivo footprinting 
[22,23] experiments and on the role of antagonists in 
regulating the receptor dimerization process [24] suggest that 
ligand binding has a critical role in at least increasing the 
affinity of RXR:RAR heterodimers for DNA in intact cells. 
DNA sequences recognized by RXR:RAR dimers are 
generally direct repeats of the AGGTCA motif. The spacing 
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Fig. (1). S true turai organization of nuclear receptors. The structural and functional organization of some representative members of 
the nuclear receptors family is depicted here. Numbers indicate amino acids position along the sequence and percentages indicate the 
percentage of amino acid homology between each domain with RARa as the reference receptor. 
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of the two half sites of the response element dictates its 
specificity for a given RXR-containihg dimer, with 
RXR:RAR dimers binding preferentially to DRI, DR2 and 
DR5 retinoic acid response element's (RARE). Spacing of the 
two half sites also imposes the use of different dimerization 
interfaces located in the DBD of each receptor [25,26]. This 
led to the proposal of the "1-2-3-4-5 rule" [27], which is 
however far from being stringent and is notably dependent on 
the promoter context [28]. RXR:RAR heteradimers are 
classified as non permissive heterodimers, indicating the fact 
that the 5' bound receptor is transcriptionally silenced, yet 
fully competent for ligand binding, and that this 
transcriptional silencing is relieved only when the 3' bound 
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receptor is liganded. The importance of the receptor binding 
polarity is exemplified by the inability of ftXR-specific 
ligands.to activate RXR:RAR heterodimers bound to DR5 
or DR2 response elements, and that the RXR-RAR 
transcriptional synergy is observed only when RAR is 
liganded [29,30]. ■ 

The structure of non liganded (apo) RXR and RAR 
LBDs, as well as that of liganded (nolo) RXR and RARs 
LBDs have been solved [31-34], and recently the structure of 
RXR:RAR LBDs heterodimers has been described [35]. The 
structural organization of this multi functional domain is 
conserved throughout the nuclear receptor superfamily, and is 




Fig. (2). Salient structural features of RXR:RAR heterodimers. The general spatial organization of RXR;RAR heterodimers is 
shown at the center of the figure, with RXR being the 5'-bound receptor;. The three-dimensional structure of apoRXR and holoRAR is 
shown at the top, evidencing structural transitions in the RAR molecule which are detailled in the text and in Figure 3. At the bottom 
is depicted the alterative use of dimerization interfaces in the DBD upon binding to DR5 . or DR5 RAREs. Data were compiled 
essentially from references [25, 26, 27, 29-32]. 
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characterized by a common fold made of 12 a -helices and a 
(3-tum arranged as a three layered anti parallel' a -helices 
scaffold [see Fig. (2)]. The ligand-receptor interaction is 
mediated through amino acids side chains located in helices 
HI, 3,- 5 and 12 [32] can be obtained through specific 
interactions of the ligand with, amino acids unique to each 
isotype [32, 36-38]. 

Agonist binding triggers structural transcon formations 
which were first evidenced by altered resistance to protease 
digestion (see [39] and references therein) and to date, three 
conformational states of retinoic acid receptor LBDs have 
been crystallized: apo-LBD, agonist-bound LBD\ and 
antagonist bound-LBD. .The transition from a 
transcriptionally inactive, unliganded form of the receptor to 
a transcriptionally active, agonist-bound receptor is 
characterized by a more compact overall structure and a 
strikingly different position of helix 12 [Fig. (3)], previously 
identified as required for the transcriptional activity of nuclear 
receptors [40]. This helix, largely exposed to the solvent in 
the apo receptor, become tightly folded along the LBD core'' 
structure, establishing salt bridges with amino acids located 
in helix' 3 and/or. 4 which are essential to, but differentially 
involved in transcriptional activation by natural and 
synthetic retinoids [41]. AF-2 positioning is modified in the 
antagonist-bound structure , supporting the view that ligand 
structure- directly impinges on receptor conformation and 
allows, or not, the formation of an interface suitable for 
coactivator recruitment. This view is further strengthened by 
mutagenesis experiments showing that alteration of the 
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structure of the H11-H12 loop has an impact on RAR 
transcriptional activity as a function of ligand structure 
[20,42]. Finally, other structural changes affect helices 3, 6 
and 11,. yielding a polypeptide with inactivated interaction 
surfaces for co repressors binding and new functional interfaces 
suitable for coactivator recruitment. 

While agonist binding strongly alters these protein- 
protein interaction interfaces, it is surprising to note' that it 
has no noticeable effect on the dimerization interface as- 
determined by crystallo graphic studies. This interface 
consists mostly of helices 9 and 10 [35] in which some 
specific amino acids appear to be more specifically involved 
in homo- or heterodimerization with RXR [43], However, 
we have shown that RAR antagonists are characterized by 
their ability to inhibit RARrRXR dimerization in solution, 
both' in-vitro and in-vivo [24]. These data and others 
indicated that within a dynamic context, ligand -.structure, 
perturbs the structural integrity of dimerization interfaces or 
of neighboring sequences. DNA-independent dimerization is 
dependent on the ability of helix 12 to establish salt bridges 
with amino acids from helices 3 and 4 [24]; 



TRANSCRIPTIONAL ACTIVATION BY RARs AND 
RXRs 

When expressed at high levels, steroid receptors interfere 
with each other's ability to induce transcription from 
regulated promoters [44]. This observation provided the first 
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Fig. (3). Structural transitions in the LBD of RARs. The monomerie. apo-LBD is characterized by a relaxed conformation in which 
the AF2 (helix 12) is accessible to the solvent. Ligand binding induces major structural, alterations which are detailled in the text. 
Flipping of the omega loop and repositioning of H12 are particuiary evident in the holo-RAR structure, as well as expelling of helix 
11. 



Retinoic Acid Receptor Transcriptional Activities 



Current Drug Targets - Immune, Endocrine <£ Metabolic Disorders, 2 00 J, Vol. I, Ho. 2 157 



A) 





B) 




Fig. (4). Transcriptional activation by RARs: Two mechanisms are proposed. A) Transactivation through recruitment of pl60 
coactivators and of CBP. The RXR:RAR dimer is shown as constituvely bound to. microsomal DNA, also evidence exist showing 
that ligand promotes dimerization and DNA binding in-vivo (see text). Agonist binding induces NCoR dissociation, and NCoA 
recruitment. Additionally, pCAF interacts with domain D of RAR. B) An analogous model is proposed for the recruitment of the 
mediator complex to RXR:RAR dimers. 



evidence for. the existence of common factors required for 
nuclear receptor-induced transcription, and expressed in 
limiting amounts in. target cells. These proteins are defined 
as transcriptional coactivators based on their ability to 
interact with liganded receptors and to increase their 
transcriptional activity, since NCoAs are functional only, 
upon recruitment by nuclear receptors. Several experimental 
strategies have been used to successfully identify potential 
coactivator proteins, including the yeast two-hybrid system 
[45-47] and affinity chromatography [48]. Several types of 
transcriptional coactivators have been isolated and include 
factors of the pi 60 family, the DRIP/ARC/TRAP/mediator 
complex, CBP/p300 and other intermediary factors [Fig. 
(4)]. 

The SRC (steroid receptor coactivator) family is the most 
prominent set of proteins that has been characterized so far 
and includes SRC1, TIF2/GRIP1 and ACTR/pCIP/ 
RAC3/A1B 1 . SRC1 was the first coactivator to be cloned 
[49]and has been extensively characterized.' It interacts with 
many nuclear receptors, including RAR and RXR, and may 
mediate NF-kB transcriptional enhancement (reviewed in 
[50]). While not ■ displaying strong overall sequence 
homology, the pi 60 coactivators are characterized by a 
common structural organization in which a bHLH-PAS is 
found at the N-terminus of the protein. It is of interest to 
note that SRC1 and ACTR display moderate acetylase 
activities which may be involved in histone acetylation 
[51,52] and promoter desensitization [53]. The bHLH 
domain is usually involved in DNA binding in other 
transcription factors, but has no lenown function in pi 60 
coactivators. Similarly, the . PAS domain, found in 
transcription factors such as period, the aryl hydrocarbon 



(dioxin) receptor and single-minded, generally plays a role in 
protein-protein interactions which is not yet documented for 
pi 60 factors. SRC1 contains an S/T rich region and two Q- 
rich regions. The central portion of this protein bears a 
functionally critical domain which is the nuclear receptor 
interaction domain (RID), and contains three LXXLL motifs. 
It spans 140 amino acids and each LXXLL motif is separated 
by about 50 amino acids. The LXXLL motif is absolutely 
required for nuclear receptorxoactivator interaction and is 
present in TIF1, pl60 coactivators, DRIP205/TRAP220 
(reviewed in [54] and [55]) and other coactivators such as 
CIA . Finally, a CBP/p300 interaction domain is also found 
in the central region of SRC 1, which contains three LXXLL 
motifs involved in CBP:p300 binding. This domain is an 
autonomous transcription activation domain whose function, 
is dependent on the interaction with CBP/p300, [57,58]. 

CBP/p300 are transcriptional cofactors for a number of 
transcription factors, incLuding CR£B and AP-l [59]. p300 
was shown to associate to estrogen receptor alpha [60] and to 
other nuclear receptors including RARs [61-63]. Several 
lines of evidence suggest that CBP/p300 associates strongly 
to nuclear receptors through an interaction with pi 60 
coactivators [64]. Both proteins displays a histone 
acetyltransferase (HAT) activity ' [65], however, inactivation 
of HAT activity of CBP or SRC1 does not affect RAR- 
mediated transactivation [66]. Since CBP/p300 can 
potentially associate to several transcription factors, it has 
been assumed that it may serve as a cointegrator for multiple 
Signaling pathways [67]. 

Large, megadalton-sized complexes interacting with 
nuclear receptors (TRAP [68, 69]and DRIP [48, 70]) and 



158 Current Drug Targets - Immune, Endocrine Jc Metabolic Disorders, 2001, Vol. I. No. 2 



Philippe Lefebvre 



other transcription factors such as SR£BP-la (ARC, 
[71,72]), and El A [73]), or with human SRB subunits 
(NAT [74] and SMCC [75]) have been isolated from human 
cells nuclear extracts. These complexes contain both novel 
proteins and polypeptides homologous to components of 
yeast Mediator and are devoid of HAT activity [70]. 
However, the DRIP complex is a potent coactivator in a 
chromatin context, suggesting that this complex may 
associate with HATs, as shown in yeast [76]. 

Other coactivators for RARs have been described in the 
literature (for recent and extensive reviews, please refer to 
[50,55], and [77]). pCIP,. a protein interacting with CBP, is 
highly related to SRC1 and is required together with CBP 
for efficient RAR-mediated transcription. pCAF also interacts 
with CBP/p300 and its HAT activity is necessary for RAR 
transcriptional activity [66,78]. CARM-l (coactivator 
associated arginine methyl transferase l),has been identified 
on the basis of its interaction with a pi 60 coactivator, 
■ GRIP I. This protein contains a strong histone methyl 
transferase activity selective for histone H3 [79,80]. 

Thus RARs and other nuclear receptors associate in a 
ligand-dependent manner with multi . protein complexes 
possessing multiple enzymatic activities catalyzing post 
translationai modifications such as phosphorylation (TIF 1, 
[81], acetylation (SRC1, CBP/p300, pCAF) and 
methylation (CARM-l). Each of these component may 
control either chromatin compaction or coactivator 
complexes stability. A highly debated question is how these 
different complexes stimulate .NR-dependent transcription, 
and whether they may provide specific routes for 
transcriptional activity for a given receptor. In keeping with 
this, some structural arguments have been put forward to 
suggest that a level of specificity of interaction between 
receptors and coactivators may be achieved. 

As mentionned above, RIDs from NCoAs contain 
conserved LXXLL motifs essential for their ligand-dependent 
interaction with receptors. Crystallographic data show that 
these RIDs form amphipathic helices .which interact with the 
hydrophobic groove created upon folding of helix 12 and 
repositioning of helices 3, 4, and 5 in the holo receptor 
structure [35,82,83]. Mutational analysis of the three RIDs 
from SRC1 and TIF2 showed that none of these motifs is 
individually required for interaction [84]. A more refined 
analysis showed however that the central (NR2) motif is the 
preferred motif for interaction with RAR, and also RXR and 
ER. The specific requirement for nuclear receptor binding to 
NCoAs through NR1, NR2 and NR3 motifs allowed the 
definition of a receptor code . it is therefore likely that 
structural features of the receptor as well as the two and three 
dimensional organisation of NR motifs play a critical role in 
this recognition code [58,85-87]. It is also worth noting that 
amino acids flanking the LXXLL motif contribute to binding 
selectivity of NCoAs to receptors [58,87,88]. 

TRANSCRIPTIONAL INTERFERENCE BY RARs 
AND RXRs 

Transrepression is the second activity of NRs which is 
characterized by their ability to repress transcription factors 



such as API and NF-kappa B in a variety of cell lines. A 
number of ligands for nuclear receptors, including 
glucocorticoids (glucocorticoid receptor, GR), retinoids 
(retinoic acid receptor RARs and RXRs) and fatty acids 
(peroxisome proliferator activated receptors, PPARs) display 
such repressive activity, which seems to be the basis for their 
beneficial therapeutic effects as anti inflammatory and/or anti 
proliferative agents. 

API response elements (TGAC/GTCA) are cis-acting 
DNA sequences mediating transcriptional responses to many 
physiological and pharmacological stimuli, including 
phorboi esters, growth factors, mitogenic hormones, UV and 
other cellular stresses. These DNA sequences were originally 
defined as TPA (12-0-tetradecanoyIphorbol-13-acetate) 
response elements which bind dimers of proteins belonging 
- to the bZIP transcription factor family [89] and are found in 
the promoter of genes involved in cell growth, cell 
differentiation or cytokine production. These transcription 
factors include products of immediate-early genes such as 
members of the fos family (c-fos, FosB, Fral and.Fra2) and 
of the jun family (c-jun, junB and junD) [90]. Jun family 
members may homodimerize on API binding sites, but jun- 
fos heterodimers have higher affinity for DNA and are more 
stable, leading to preferential formation of junrfos 
heterodimers in-vivo. 

The transcriptional activity of the API complex is' 
regulated through different modes. First, its activity is 
determined by the composition of the API dimer which 
■may, according to its molecular composition, display . 
different affinity for a given response element [91], Therefore, 
the level of expression of dimerization partners is one. key 
step of API regulation through modulation of the number of 
possible combinations of dimers. Numerous stimuli such as 
cAMP, calcium, mitogen-activated protein kinases (MAPK) 
activators (growth factors, cytokines etc) and JAK tyrosine 
kinases activators (interferons, EPO, interleukins etc) up 
regulate c-fos expression and thus favor the formation of c-fos 
containing dimers. c-jun expression level is regulated 
through an ATF2/c-jun response element located in the 
promoter of its gene, which confers responsiveness to a wide, 
range of stimuli known to activate the jun N-terminal kinase 
(JNK), a member of the MAPK family [92]. Second, post 
translationai modifications exert a strong control on API 
activity, mostly through regulation of the phosphorylation 
state of API components. Notably, phosphorylation of c-jun 
at Ser63 and Ser73 increases its affinity for the coactivator 
CBP without altering its DNA binding activity [93]. This 
post translationai regulation is controlled through activation 
of the SAPK signaling module, leading to the activation of 
JNK. c-fos is exclusively activated by the fos regulating 
kinase (FRK) through a TPA-insensitive, ras-dependent 
mechanism [94]. Thus, API activity is regulated through a 
complex network of protein kinases which renders this 
transcription factor highly reactive to extracellular stimuli. 

The API complex regulates the expression of several 
genes involved - in oncogenic transformation and cellular 
.proliferation such as metalloproteases, VEGF and TGF-(3. 
Moreover, API . transactivation is required- for tumor 
promotion in-vivo [95]. There is therefore a considerable 
interest in identifying compounds able to down- regulate API 
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activity and thereby to oppose unregulated ceil growth 
leading to benign or malignant hyperplasia and cancer. 
Several explanations have been put forward to provide a 
model for retinoid interference with membrane receptor- 
controlled signaling pathways, c-jun homodimers binding to 
API binding-sites was shown to be inhibited by RARa in- 
vitro [96]. Competition for a, limiting amount of the 
coactivator CBP has also been suggested as a relevant 
mechanism for transrepression of API by retinoids [62]. 
.Interference may also occur through regulation of the 
enzymatic activity of protein kinases. JNK has been in this 
respect demonstrated to be a. target for retinoid action [97], 
and this effect is dependent on the transactivating potential of 
RAR. [98]. The description of dissociated retinoids, which 
are unable to elicit a transactivating response by RARs but 
yet induce API transrepression [99,100] as well as receptor 
mutants with altered transactivating capacity but with wild 
type transrepressive properties [20], clearly suggest that, 
molecular determinants governing the transrepressive activity 
of RAR are distinct from" those ruling its transactivating 
potential. 



PHARMACOLOGICAL MODULATION OF RAR 
ACTIVITY. THERAPEUTIC APPLICATIONS OF 
RETINOIDS AND ASSOCIATED SIDE EFFECTS 

The interest .of retinoids in treatment of skin disorders 
(acnea, psoriasis, photoaging) and in cancer chemotherapy" 
has been first recognized upon the successful use of atRA, 
13-cis RA and etretinate. Moreover, consumption of vitamin 
A or of its precursor p-caroten 'is associated - to cancer 
chemoprevention [101]. Retinoid effects on cellular 
differentiation and/or apoptosis, alone -or in association with 
other differentiating agents such as cytokines, growth factors 
.are increasingly characterized and therapeutic usefulness of.. 
these associations have been and are still currently tested 
(reviewed in [101,102]). One of the most striking effect of 
retinoids is their ability to promote cellular differentiation of, 
acute promyelocyte leukemia cells in humans [103]. Other 
positive effects have been reported in myelodysplasia and 
skin T-lymphoma, however these ■ results remain 
controversial. Retinoids are also used in chemoprevention of 
lung cancer and have been tested alone or in combination 
with interferon in cervix cancer [104]. 

Curative properties of retinoids in skin disorders have 
been used for the treatment, of acne, psoriasis and 
hyperkeratinization. Retinoids inhibit Kaposi sarcoma cell 
proliferation and this effect is associated to positive clinical 
effects [105-107]. 

Unfortunately, these beneficial effects are associated to 
severe side effects such as developmental abnormalities in 
embryo, hypertriglyceridemia, general mucocutaneous 
toxicity, headache etc. Moreover, prolonged atRA treatment 
is associated to multiple side effects such as bone pain, 
retinoic acid syndrome, renal failure, thrombosis and 
metabolic resistance [108]. The design of receptor isotype- 
selective, as well as of function specific retinoids is required 
to achieve an optimized therapeutical index of retinoids [Fig. 
(5)]. One of the rationale for designing selective retinoids is 



the tissue-specific expression of RAR isotypes. For example, 
RARy is predominantly expressed in skin and the use of 
RARy -selective retinoids is associated to decreased skin 
irritation [109]. 

atRA is also used in differentiation therapy of acute 
promyelocytic leukemia [110] but induces cases of atRA 
resistance. The chromosomal translocation t(15;17) which is 
specifically associated with APL, fuses the PML gene to the 
RARa locus. Here again, the use of RARa -selective 
retinoids may prove to be useful for achieving a better 
therapeutical index, and the successful use of the RARa- 
selective retinoid Am80 in atRA- resistant AML 
demonstrates that such a strategy is effective [11 1, 112]. 

Many genes associated to hyperproliferation, extracellular 
matrix integrity and inflammmation are controlled, at least 
in part, through API enhancer sequences. Retinoids, as 
mentioned above, are able to inhibit API activity through 
interference with MAPK signaling modules. This activity is 
clearly the basis for carcinogenesis inhibition in mice by 
retinoids [113], therefore strengthening the anti inflammatory 
and anti proliferative properties of retinoids by synthetizing 
transcriptionally inactive retinoids is likely to extend the use 
of retinoids to treatments of various forms ofxancer other 
than leukemia. Vascular Endothelial Growth Factor (VEGF) 
expression is increased in hyperproliferative diseases, and 
controlled in part through API response elements. VEGF 
expression was inhibited in-vivo by a retinoid displaying 
only transrepressive activity [114], suggesting the general 
usefulness of dissociated retinoids in the treatment of 
metastatic cancers [115] through their anti angiogenic 
properties [1 16]. Note however that API antagonism is not 
required in some, tissues for observing anti proliferative 
effects of retinoids [117], underlining the well known tissue- 
specific effect of retinoids on tumor formation [118].. 

CONCLUSIONS AND PERSPECTIVES 

Retinoids are key regulators of differentiation, 
proliferation and inflammation. Their successful use in the 
treatment of skin diseases and neoplasias underlines the need 
for developing selective modulators of RARs functions, not 
mentioning the very important role of RXR-specific ligands 
as modulators of other signaling pathways such as PPAR, 
extending the possible therapeutical repertoire of these 
molecules to metabolic diseases such as type II diabetes and 
atherosclerosis. The concept of selective modulators has been 
initially proposed for estrogen receptors, for which some 
ligands (tamoxifen) elicit cell-selective agonist or antagonist 
activity (reviewed in [119]). The potential importance of 
retinoid structure in specifying RAR transcriptional or 
transrepressive activity was strongly emphasized by the 
synthesis of many retinoids, allowing researchers to decipher 
the molecular basis of retinoid action. The molecular 
pharmacology of retinoids suggests that at least four types of 
activities may- result from ligand binding to the receptor: (i) 
antagonist, (ii) transrepressive, (iii) agonist, (iv) inactive. 
.One major determinant of the agonist activity is the ability 
of retinoids to promote NCoA recruitment to the promoter. 
Synthetic retinoid's displaying similar affinities for the 
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Fig. (5). Chemical structures of several natural and synthetic retinoids. The selectivity and the biological activity of each molecule 
is indicated between brackets. 



raonomeric RARa show dramatically different abilities to 
activate reporter genes in HeLa cells [49] and endogenous 
genes in P19 cells (unpublished observations)." RAR- 
seiective ligands have distinct quantitative activation 
properties which are reflected by • their ability to promote 
interaction of DNA-bound ■ hRXRct/hRARa heterodimers 
with the nuclear receptor co_activator (NCoA) SRC-1 in- 



vitro. The hormone response element core motifs spacing 
defined the relative affinity of liganded heterodimers for two 
NCoAs, SRC-1 and RIP 140. hRXRa AP2 was critical to 
confer hRARct full responsiveness, but not differential' 
sensitivity of hRARct to natural or synthetic retinoids. Thus 
ligand structure instigates a given receptor conformation, and 
therefore activity. This property was farther documented by 
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the use of RARa mutants, whose transcriptional activities 
were distinct and were a function of the iigand structure 
[20,42]. Furthermore, DNA and RXR also exert allosteric 
regulations on hRARa conformation organized as a DNA 7 
bound heterodimer. Thus imposing physically distinct 
NCoA binding interfaces to the receptor may be important in 
controlling specific genes by conformational^ restricted 
ligands, and may restrict the pleiotropic effects of natural 
retinoic acids. Ligand structure also appeared to alter 
dimerization interfaces, since RAR antagonists display a 
distinctive feature which is their ability to prevent 
RXR: RAR' heterodimers formation in-vivo and irt-vitro . 
Thus some degree of gene-selective induction or repression 
may be achieved in a tissue-specific manner when using 
appropriately designed compounds. Therefore the elucidation 
of molecular mechanisms governing the activities of RARs 
and RXRs, as well' as the identification of other signaling 
pathways which may alter receptor function by post 
translational modifications [120], will pave the way for the 
synthesis of new pharmacological tools with potential 
applications in multiple pathological states. 
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ABBREVIATIONS LIST 



ACTR - Activator of thyroid and retinoic acid receptor 

AF-1 = Activation function 1 (ligand-independent) 

AF-2 = Activation function 2 (ligand-dependent) 

API = Activating protein I 

atRA = All trans retinoic acid 

bHLH = Basic helix-loop-helix 

CARM-1 = Coactivator associated arginine methyl 
transferase 1 

CBP « CREB binding protein 

DBD = DNA binding domain 

DRIP = VDR interacting protein 

ER = Estrogen receptor 

FRK = Fos-regulating kinase 

GR - Glucocorticoid receptor 



GRIP 


= Glucocorticoid receptor interacting protein 


HAT 


= Histone acetyl transferase 


HRE 


= Hormone response element 


JNK. 


= Jun kinase 


LBD 


= (Ligand binding domain or domain E 


iVT A Pic' 


— iviuogen-acLivateu protein Kinases 


NCoAs 


= Nuclear coactivator 


NCoRs 


= Nuclear corepressor 


NR 


= Nuclear receptor 



PAS = Period, aryl hydrocarbon (dioxin) receptor, 
single-minded 

PML = ■ Promyelocyte leukemia 

RARs = All trans retinoic acid receptors 

RARE = Retinoic acid response element 

RID =» Receptor interaction domain 

RXRs = 9-Cis retinoic acid receptors 

SRC = Steroid receptor coactivator 

TGF = Transforming growth factor 

TIF = Transcriptional intermediary factor ; 

TPA = 12-0-tetradecanoylphorbol-13-acetate 

TR = Thyroid hormone receptor 

TRAP ~ TR interacting protein 

VDR = Vitamin D receptor 

pCAF - CRES-associated factor 

pCIP = CREB- interacting protein 

PPARs = Peroxisome proliferator activated receptors 

VEGF = Vascular Endothelial Growth Factor ■ 
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